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A SMALLPIRANIGAGEFORMEAWRWENTS

OF NON~ADY Low~sms

By M. John Pilny

Theprecisemeasurementof lowabsolutepressuressuchas are
foundin supersonicwindtunnelspresentsa growingproblem,especially
wherethesepressuresarechanging.A precise,stable,rapid-response
Piranigageis presentedas a solutionof thisproblem.

A descriptionis givenof a smallPiranigage(0.0Q05-cubic-inch
internalvolume)madeof surgicalgrain-of-wheatlamps,andtheo~erati~
equipmentfortherecordingof 12 channelsof lowpresmresin therange
O.lto 10 nmHg abs. Techniquesof calibrationanduse of thisapparatus
aredescribedandmeasurementsare shownto containerrorsnotexceeding
~2 prcent of reading,l~s not exceeding 1 second, and csJ.ibration shifts

of 2 percentperyei.r.ThesesmallHrani gagesappearto be well-suited
forstatic-pressuremeasurementsin low-pressuresupersonictunnelsand
maybe usefulforotherapplicationsas well.

A theoreticalanalysisof a smallPiranigageis givenandmaybe
usedas a guidein thedesign,application,andevaluationof sucha
gage.

INI’ROIIJCI’ION

Withtheintroductionof low-demitywindtunnelsoperatingat
staticpressuresfrom0.1to 10 m Hg abs,therehasdevelopeda need
forthemeasurementof thesepressuresunderchangingconditions.
Instrumentshavingadequatesensitivityforthemeasurementof pres-
suresin thisrange(forexample,inclined-tubemanometers,McLeod
gages,diaphragms,andelectricalgagesof the ionization,thermocouple,
andPiranitypes)havenotprovidedprecisemeasurementsexceptat the
costof greatlyincreasedlagin responsedueto largegagevolumes
andrequiredlongconnectingtubing.Theneedfora reliableinstru-
mentwithlowlagis thereforeevident.Thebasicproblemin thedesign. of suchan instrumentIs the constructionof a gageof smallinternal
volume;in addition,a smallexternalgagesizeis desirableso that
manygagescanbe mountedcloseto thepressureorificeswitha minimum“
of connectingtubing.
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of physicalphenomenawhichhavebeenadaptedfor
lowpressures,theprincipleof thePiranigage

appearedto be best-sui~edto serveas-thebasisfora gagewhich
wouldbe smallandyetreliable.ThePiranigageis a thermal-electric
instrumentconsistingsimplyof a wirefilarpentheatedelectricallyin
thegasbeingmeasured.Gaspressureismeasuredas a functionof the
gage-filamentcoolingresultingfromthethermalconductionof the
surroundinggas.

Formostgasesat ordinarypressuresandtemperatures,theheat
conductivityis independentof pressureandis a functionof theabso-
lutetemperature.However,as describedin reference1, at lowpres-
sureswherethespatialdimensionsof an apparatusareof theorderof
themolecularmeanfreepathof thegas,therateof heatconduction
betweensurfacesby thegasbecomesa functionof gaspressureas well
as absolutetemperature.Thisfactformsthebasisforthepressure
sensitivityof thePiranitjpegage. The gascompositionalsoaffects
therateof heatconductionthroughthegas,_so thatit is necessaryto
calibrateandoperatesucha gagewithgascompositionsof closely
similarmolecularproperties.

A smallPiranigagehasbeendesignedby theInstrumentResearch
Divisionof theLangleyAeronauticalLaboratory.Thisgageismadeof
surgicalgrain-of-wheatlampswhichareextremelysmallandhavea fila-
mentof a smalldiametersuitableforuse in a Piranigage.

.
In theopera-

tionof thesegages,theexcessiveerror,instability,andlagwhich
usuallycharacterizePiranigageshavebeenreducedto an acceptable 4
level.

In thepresentpaper,thedesignandperformanceof thesesmall
Piranigagesaredescribedanda generaltheoreticalanalysisispre-
sentedso as to aidin theconstructionofmoreor lesssimilardevices
forapplicationswheretheparticularcharacteristicsof suchgages
appearto be propitious,

I. CHARACTERISTICSANDPERFORMANCEOF A SMALL

PIRANIGAGEMADEOF SURGICALLAMPS

Apparatus

=“ - SmallPiranigageshavebeenconstructedconsisting-ofa
matchedpairof surgicalgrain-of-wheatlampsmountedin closeproximity
withina metalblockin orderto insurethesametemperatureenvironment
forthetwolamps. Onelampis opento thepressurebeingmeasured,while -
theother,sealedat atmosphericpressure,providespartialtemperature

.
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.

compensationforthepressure-sensitivelamp. (Thepreparationof the
gagesis describedin detailin theappendix.) The surgicalgrain-of-
wheatlampsareeachonlyn/32 inchlongwith().082-inchoutside
diameter.As a result,thesegagesmaybe mountedcloseto thepres-
surepointsbeingmeasured,witha minimumof comectingtubing,sad
maybe incorporatedin tunnelstingsor withinmadels. Onegagecase
hasbeenbuiltformounting12 pairsof lampsin a block1.25inches
longand0.80inchin diameter.Individualgageshavebeenmountedin
duraluminblocks5/8x l/4x 3/16inch. Figures1 and 2 showthe
smallPiranigagesmountedin gagecaseswithO-ringsealswhichmake
it possibleto assembleanddisassemblelow-pressueconnectionsin a
matterof secondg.The gagecaseshownin thesefiguresis relatively
large,as itwas desi~ed fortunnelwallinstallationswherecasesize
wasnot critical.

The internalvolumeof a surgicalgrain-of-wheatlampis only
0.0005cubicinch,so thatpneumaticandthermallagsattributableto
thisvolumeof airwithinthelampareverysmall..The powerdissipa-
tionfromtheselampfilamentsis heldto a smallvalue(maximum,
25milliwatts)so thattheinteriorwallsof theselampbulbsare
maintainedat thetemperatureof thegageblock. The temperaturerise
of eachfilamentabovethetemperatureof thelamp-bulbwallis deter-
minedby thefilamentcurrentandby theefficiencyof thegasmolecules
in conductingheatfromthefilment to thebulbwall. At lowpressures,
wherethemeanfreepathsof thegasmoleculesareno longernegligible
comparedwiththegagefilamentdiameter,thenthefilsmenttemperature
rise,andhenceresistance,is a measurablefunctionof thepressureof
thegaswithinthebulb.

Circuit.-The filamentresistanceis measuredin a constamt-current
Wheatstonebridge. (Seefig.3.) By havingthesealedbulbin an arm
of thebridgeadjacentto thearm containingthepressure-sensitive
bulb,partialtemperaturecompensationis obtained.The sealedand
pressure-sensitivebulbsusedtogetherin theWheatstonebridgeresult
in a galvanometersdeflectionrecordedon filmwhichis a functionof
thepresswe of thegaswithinthegageandto a lesserextentof the
temperattieof thegagewalls.

Thebridgeis designedso thattheunbalancecurrentis a function
of thedifferencebetweentheresistsmcesof thepressureandtempera-
turebulbsand is notmeasurablyaffectedby the individualmagnitudes
of theseresistances.

A programdeviceoperatesto switcheachbridgemomentarily,in
sequence,froma connectionwherethegageis usedto measurepressure,
to a circuitconfigurationwherehalfof thegageis usedas a resist-
ancethermometer.In thisway,thetemperatureof thegagewallis
measuredandusedto calculatethecorrectionsforpressuremeasure-
mentsmadeat a gagetemperaturedifferentfromthatof the calibration.
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A four-wirecable,onewireto eachlamplead,connectseachgage
to therestof theWheatatonebridge.Two of theleads,onefromeach
lamp,areconnectedtogetherat thegage. The arrangementof theelec-
tricalconnections,as illustratedin figure3, resultsin the cancel-
lationof leadresistancechangesWth ambient-temperaturechanges,for
boththepressure-measurementandtemperature-measurementcircuits.

The recordergalvsmometerelementshavea naturalfrequencyof
8.5cps,anda sensitivityof aboutlb microamperefora full-scale
deflectionof 2 inches.Theseelementsaredampedfromcriticalto
66 percentof critical,dependingon theelementandon therangeof
theinstrument.

Rangeselectionis accomplishedby mesmsof a networkacrossthe
bridgeunbalance;threerangesareprovided,givingsensitivitiesin
theratios1:2:4. The 12-channelcircuit(fig.4) ismadeup of three
sectionswhichcanbe range-switchedindependentlyof eachother,so
thatgroupsof fourchannelsswitchrangetogether.Eachchannelis
providedwitha jackthatcanbe usedto transfertheindicationsfrom
therecorderto a meter,so thatanypressurepointcanbe observed
duringa test.

.

PowersuppQT.-A precise,stablecurrentsupplyis requiredwith
thisapparatusbecausethisinstrumentis fromthreeto twentytimes
moresensitiveto cuxrentchangesthanto pressurechanges.For
example,at 0.3m Hg abs,deviationsof 0.05percentin thebridge
currentwouldcause0.5-percenterrorsin pressuremeasurement.Since
eachbridgeoperatesat a constantcurrentof about7’8.4milliamperes,
a 12-channelunitrequiresa totalof about1 ampereof regulatedcur-
rent,highlystableovera periodof timeat leastequalto thetest
duration.Testsweremadeto determinethe adaptabilityof standard
aircraftbatteriesto theproblem.Accuratedeterminationwas especially
desiredof thecharacteristicsof theinitialtransientsknownto exist
inwet-celloperation.TypeAN3150aircraftbatteriesundera loadof
1 amperewerefoundto havea startingtransientforthefirst5 to
20minutesof discharge,afterwhichtheterminal-voltagedecaysta-
bilizedto about0.004percentperminute.Wet-cellbatterieswere
foundto be farsuperiorto electronicallyregulatedsuppliesin
simplicity,cost,stability,freedomfromripple,anddependability.
Accordingly,thepowersupplyforthisinstrumentmakesuseof a
battery-suppliedhigh-voltagebuswithindividualswampingresistors
to provideconstantcurrentsto eachchannel.Sixaircraftbatteries,
of thetypeAN3150areusedin serieswitha voltage-settingrheostat
to supplya 1~-voltbusvoltagewiththeaccuracyandstability
required.Thebus-voltagerheostat,is constructedof thermocouple-
typeselectorswitchesandprovidesbus-voltageincrementsof 0.05volt. . —

.

.
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The resistmceof eachindividualchannelis initiallyadjusted
so that,witha busvoltageof exactly144volts,eachchsmnelcurrent

. is of thecorrectvalueas indicatedby thesingle-pointpotentiometer.
Duringpressuremeasurements,thesingle-pointpotentiometercsmbe
successivelyconnectedintoeachchannelto checktheoperationof
eachchannelandto indicatewhenthebusvoltagerequiresadjustment.

Chargingequipmentandmonitoringmetersarebuiltintothe
12-channelcabinetrack(fig.5),but thebatteriesthemselvesare
installedin a roomprovidedforsuchequipment,wheretheyarenot a
safetyhazardandwherefumesfromthebatteriescannotcausecorrosion
in othermeasuringapparatus.

Calibrationequipment.-The smallsurgical-1~Piranigageshave
beencalibratedagainsta speciallyconstructedinclined-tubebutyl-
phthalatemnometer. The calibrationapparatusconsistsof the inclined-
tubemanometer,a referencevacuumsystem,anda calibrationvacuumsystem
providedwithO-ringreceptaclesintowhichthegagesareplugged.
The leakrateof thisapparatusis lessthan0.02micronperseccnd,
andthevaporcontentis heldto a negligiblevalueby useof a cold
traprefrigeratedwitha carbon-dioxidesnowandalcoholmixture.
Changesin manometersensitivityandzerowithtemperatureare corrected
for,andlagsin themanometer(upto 300seconds)areallowedfor.
Emphasishasbeenplqcedon carefulvacuumtechniquewhichis required
in orderto obtainaccuratecalibrationsat thepressurescoveredby
thesmallPiranigage.

●

The inclined-tubemanometerhasa full-scalepressureof 20mm I&
absanda slopeof 5:1. The glasstubingismaintainedexceptionally
cleemin orderto insuremobilityof themeniscus.A differential
pressurecalibrationof thismanometerhasbeenobtainedat atmospheric
pressure,andthisdifferentialpressurecalibrationis takento be
validat lowabsolutepressures.Themanometerzero”deflectionhas
beenfoundto be thesaneforthe casewherethemanometeris shorted
at atmosphericpressu~eandforthecasewherethemanometeris not
shortedbutnegligibleabsolutepressuresareappliedtobothsides.
Thisfactindicatesthaterrorsdue to leaksor outgassingarenot
measurable.

Theprecisionof thismanometeris limitedby (a)a scale-reading
probablerandomerrorof 0.2millimeterin lengthwhichresultsin a
probableerrorin pressuremeasurementof 0.003mm Hg absand (b)sys-
tematicerrorsnot exceeding0.5percentof reading.(Probableand
systematicerrorsarediscussedin ref.2.)

. The calibrationapparatusdescribedhasbeenusedto obtaincali-
brationsof thesmallPiranigagesovera rangeof pressurefrom0.1
tolOmnI@abs.
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Processingof Data

A recordfroma 12-channelinstrumentis shown
channelnumberof eachtracecm be determinedfrom
deflectionbecaueea programingdeviceswitchesthe

in figure6.The
thetemperature
channelsfrom

pressuremeasurementto momentarytemperaturemeasurementinnumerical
orderwitha pausebetweenchannel12.andthebeginningof a new cycle.

Itiormationis readfromthefilmrecordsby determiningthefilm
tracedeflection,thatis,thedistance(ininches)betweenthegalva-
nometersfilmtraceand theappropriatereferencelineon thefilm.
The deflectionsreadforanyonechannel(thatis,trace)are:

P pressure-tracedeflection

t temperature-tracedeflection

Po referencevalueof p obtained
record(onthesamerange and
beforeor aftera test

The originalcalibrationgraph(fig.
manyvalues of pressureobtainedfromthe
deflectionD where

D=p-po

froman atmospheric-pressure
channel)obtaineddirectly

7) ispreparedby plotting
calibrationequipmentagainst

Thisgraphis ordinarilyusedthroughoutthelifeof thegage. When
thegagesareusedto makemeasurementsat a gage-casetemperature
otherthanthatof theoriginalcalibration,a computationforthe
deflectionD is madeaccordingto theformula

D=(p-po)@+dt-to~

wherethevalueof thetemperaturecoefficientn is0.6for the
apparatusunderdiscussion.Thevalueof to is thevalueof t
foundduringtheoriginalcalibration,prov$dedthatthe calibration
hasnotshifted.If the calibrationhasshifted,as indicatedby a
fewcheckcalibrationpoints,a newvalueof to shouldbe calculated
so as to makethecheckpointsfallon theoriginalcalibrationgraph.
Thistechniquecorrectsforshiftsin gage,circuit,or galvanometers
characteristics,if theseoccur. The calculationis

.

.

( D
to=t-~

)
-1

nP-Po

.

.
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where P, p, t, and p. aremeasuredand D is obtainedfromthe
originalcalibrationgraph. The valueof to hasbeenfoundto be

. relativelystable,andcheckcalibrationshavenotbeenrequiredmore
oftenthanevery60 days.

Occasionalcheckingof thevalueof to hasheldmeasurement
errorsdueto shiftsin instrumentcharacteristicsto a smallfraction
of 1 percentcomparedwitha shiftin instrumentcharacteristicsof
about2 percentperyear. In the samplecalibrationgraphshownin
figure7, thevalueof to was thesamefortheoriginalcalibration
andforthetwocheckcalibrationsshown.

Performance

Therangeof pressuremeasuredby thesmallPiranigagemadeof
surgicallampsis 0.1to 10 mm Hg abs. Operationof thisinstrumentand
processingof therecordsareroutineanddo notrequireengineeringper-
sonneltime,andunusualprecautionsarenotreqtiredto protectthegages
fromdamagedueto pressure,temperature,or accidentalmisoperation.The
gagecalibrationhasbeenfoundto be unalteredafteroperationat any
pressurefromhighvacuumto atmospheric,or afteran abruptpressure
changefromhighvacuumto atmospheric,or viceversa;as may occurin
low-densityapparatus.Repeatedcalibrationsof theapparatusused
haveindicatedthattheover-allprecisionis tithin2 percentof
indicationexceptabove4 m Hg abswheretheaccuracyis limitedby.
theamountof tracedeflectionavailable.In a yearof use,theinstru-
mentcharacteristicshavebeenfoundto shiftabout2 percent,butthe
resultingerrorsintroducedby thisshiftareheldto a fractionof
1 percentby occasionalcheckcalibrations(seesectionentitled
“Processingof Data”).

MeeaurementsmadewithPiranigagesarelimitedin precision
becauseof errorsresultingfrom

(a) Changes

(b)Reduced

(c)Lag

(d)Changes

(e)Changes

. (f)Changes

The effects

in filamentaccommodationcoefficient

pressuresensitivityat higherpressures

in gagecurrent

in gas composition

in gage-casetemperature

of thesefactorson thecharacteristicsof thesmll.
surgical-lamp Piranigages are describedin thesectionsthatfollow.
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Filamentaccommodationcoefficient.-As describedin thesection
of partII entitld “AccormnodationCoefficient,”a chsmgein theaccom-
modationcoefficientof a Piranigagefilamentwillresultin errors
in pressureindication.A stableaccommodationcoefficientcsmbe
obtainedby avoidingcontaminatinggasesandexcessivefilamenttem-
perature.Thesmallsurgical-lsmpPiranigageshavebeenoperatedwith
dryairor nitrogenandat a lowfilamenttemperaturerise(fromkOoc
at atmosphericpressureto 3500C mximum temperatureriseat 0.1mm IQ
abs),andthecharacteristicsof thesegageshavebeenfoundto be stable.

Pressure-sermitivitycharacteristics.-Exceptat thelowerpres-
suresmeasuredwiththesmallPiranigage,thedeflectionis approxi-
matelyinverselyproportionalto thepressurebeingmeasured,so that
a reasonablylinearcalibrationgraphis obtainedon logarithmicor
reciprocalpaper. The factthatthecalibrationgraphsareapproxi-
matelylinearis advantageous,becausemoredatapointswouldbe
requiredto determinecurvedcalibrationlinesaccurately.For the
givendimensionsof thesmallPiranigage,an excessimLyhighfila-—
mentcurrentwouldbe requiredto extendthelinearityto thelower
pressures(seesectionof partII entitled“GageRela~ions”).With
thegagecurrentin use,78.4milliamperes,thereis no dangerof gage-
filamentburnout(seefig.8) or calibrationshiftresultingfrom
operatingthesegagesat anypressurefromatmosphericto thelowest
obtainable.

Usefultracedeflectionsarelimitedto thoseforwhich0.005inch
i.sa small partof thetotaldeflection.Thislimitationis a result
of thefactthatfornormalfilm-readingtechniquesthe-orobableerror
in filmreadingis about0.005inch. -

.

The averagedeflectioncharacteristicsare:

Pressure,II-M-IHg _abs,for-

Range 2-inch
(full-scale) 0.5-inchtrace 0.2-inchtrace

tracedeflection deflection deflection

Low 0.1 1.0 2.5
Medium .5 5.0
High 1.0 ::: 10.0

Thuspressuresaremeasuredwiththisinstrumentovera pressure
rangeof @:l, from0.1to 4 mm Hg absjwithtrace-readingpr~bable
errorsno greaterthan*1 percent.Pressure6up to 10 m I@ absare

.

.

.

.
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measured(e&endingthepresmre range
film-readingerrorsup to -‘2.5percent

9

to 100:1)withresultingincreased
probableerrorat a pressureof

. 10mnHgabs. Largeoverlappingof therangesis protidedso thatsmall
tracedeflectionscanbe avoidedexceptat thehighervaluesof pressure.

L=.- By itself,thegagehasa lagerrorlessthan1 percentof
theinstantaneouspressurein respome to steadyratesof pressure
changeas largeas 10 percentof theinstantaneouspressureper second.
One secondafteran abruptpressurechange,thegageby itselfhasa
lagerrornot greaterthan1 percentof thefinalpres6ure.

Representativevaluesof lagforthesun surgical-lampPirsmigage
instrumentaregivenin thefollowingtable. TheMg time tO.99 is the
timetakenfortheinstrumentto respondto tithin99 percentof the
totalchange.ThepressurelagsweremeasuredwiththePiranigage
withina belljarandthereforearefreeof connecting-tubinglag.

.

.
L

Stepfunction to.ggjsec

Pressurechangeof 1.85to 2.6~Hgabs . . . . . 0.26
Pressurechsmgeof 2.7to 15 mmHg abs . . . . . .31
Gagecurrentoffto on,at a pressure
of2.7nmI&abs. . . . . . . . . . . . . . . . 1.2

Stepfunctionappliedto recorder
galvsmometeralone. . . . . . . . . . . . . . . .14

Wherethe gagesareusedtithconnectingtubing,the instrumentthermal
lagandgagevolumesreso mall that theresponselagis ordinarily
thatof thetubingalone,whichcanbe calculated.

Gagecurrent.-As describedin thesectionentitled“Powersupply,”
a precisepowersupplyis usedwiththesmallsurgical-lsnpPiranigages,
providinggagecurrentsstablewithin0.02percentduringa testdura-
tion. ThuseventhoughthePiranlgageis fromthreeto twentytimes
as sensitiveto currentchangesas it is to pressurechsm.ges,theerror
introducedfromthissourcehasbeenheldto lessthan0.5percent.

Gas composition.-Thisinstrumentcanbe usedwitha widevariety
of gases. Threegasesthatresultin virtuallythesamecalibration
arein use,namely,nitrogen,dryair,androomair (thatis,airwith
a watercontentno greaterthan2 percentby weight).The thermal
conductivitiesof thesegasesareverynearlythesane,andtheuse of
any combinationof thesegaseshasbeenfoundto causechangesin sensi-
tivityno greaterthan0.5percentfromthe calibrationobtainedwith
dryair.

.
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Thepresenceof a largerconcentrationof watervapor,however, .
wouldresultinmeasurablesystematicerrorsin thePiranigagepressure
measurements.At lowpressures,watervapormaybe introducedfromout-
gassingmetalor liquidsurfacesso thata coldtrapor someothermesms .

is requiredto removethewatervapor.

Thesegageshavebeenusedwithshorttubingleadingto a tunnel
testsectionwheretheflowof drynitrogenpreventedtheaccumulation
of watervaporresultingfromoutgassing.Withthisarrangement,
errorsdueto watervaporwerenot largeenoughto detect.

Gage-casetemperature.-The gagesarepartiallytemperature-
compensatedin theirconstructionanda furthertemperaturecorrection
is calculatedin theprocessingof therecords(seesectionentitled
“Processingof Data”).A systematictemperatureerrorexistsin the
finalcorrecteddeflection,but thiserroris lessthan1 percent
per10°1’differencebetweenthegage-casetemperatureduringthe
calibrationcheckandthatduringthetest. Thesegagessreuseful
formakingpressuremeasurementsovera rangeof gage-casetemperatures
from~“ to 120°F; however,exposureto casetemperaturesin the
range0° to 200°F doesnot changethecalibrationof thegages.

II.THEOPJYl?ICALCHARAOTERI’ST’ICSOF A SW PIRANIGAGE .

A theoreticalderivationis presentedforthe characteristicsof .
a Piranigagewhichis smallenoughdimensionallyso thatheatconduc-
tionthroughtheleadsandthroughthegasaretheonlymeasurable
sourcesof heatpowerdissipation.The derivationis carriedoutfor
a gageconsistingof twomatchedlsmps,oneopento thegaspressure
to be measuredandtheothersealedat atmosphericpressurein order
to temperature-compensatethefirstlamp. Eachindividuallampis
consideredto consistof a wireconcentricallyplacedin a cylindrical
bulb. The derivedequationsprovidea designguidein theselection
of gagedimensionsandoperatingcurrentandarein a formusefulfor
predictingthecalibrationcurvestobe expectedfora constant-current
gageandthe effectsof gascompositionsmdof deviationsin gage-case
temperatureandgagecurrent.The theoryhasbeenappliedto thesmall
Piranigagesmadefromsurgicalgrain-of-wheatlamps. Theselampshave
U-shapedfilamentsratherthamconcentricallyplacedones;nevertheless,
themeasuredcharacteristicshavebeenfoundto agreewiththetheory.
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Symbols

accommodationcoefficient

heat-conductioncoefficient,wattcm ~1

heat-conductioncoefficient,wattcm-lK1

electricalpowercoefficient,wattcm-l

Boltzmannconstant,ergBY1

lengthof wirefilament,cm

massof molecule,gram

electricpowercoefficient,wattcm-lBY1

radius,cm

lengthalongwirefilament,cm

constant

constant

constant

Comtant

specificheatat constantvolumepermolecule,erglY1

heatpower

heatpower

heatpower

generatedelectricallyin filament,watts

conductedalonglengthof filament,watts

dissipatedfromfilamentsurfacethroughsurrounding
gas,watts

electriccurrent,amp

thermalconductivityof wirefilament,wattcm-lIC1

-1~1thermalconductivityof gas,wattcm

pressure,dynecm-2(microbars)
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Q

R

T

z

U2

P

1,

kF

P.2

D

e
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constant

electrical,resistanceof filament,ohms

absolutetemperature,OK

dimensionlesscoefficient

temperaturecoefficientof electricalresistance,theratio:
changeof resistancein filamentwiredueto a changeof
temperatureof 1° K dividedby itsresistanceat the
temperatureT2, OKT1

dimensionlessratio, Cv/k

molecularmeanfreepath,cm

molecularmeanfreepathof an unconfinedgas,cm

electricalcoefficientof resistivityof filamentwireat
temperatureT2, ohmcm

diameterof gasmolecule,cm

dimensionlesscoefficient

Subscripts:

1 tiresurface

2 bulbinnerwall,or temperatureof.bulbinnerwall

L conditions1 meanfreepathdistantfromfilamentsurface

o openbulb

s sealedbulb

Sourcesof HeatPowerDissipationin a SmallPiraniGageLamp

.

Thepossiblesourcesof heatpowerdissipationfroma heatedwire
in a gasare: radiation,freeconvection,forcedconvection,conduc-
tionthroughthegas,andconductionthroughthewireterminals.Radia-
tionlossesfroma fineheatedwirearerelativelysmallfortempera-
turesbelowredheat.

.
If sucha heatedwireis operatedin a sufficiently

.
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smallvolume,freeconvectioncurrentsarenot setup (evenat atmos-
phericpressure)becauseof thegasfilmaroundthewire;whereas
forcedconvectionof heatby themassflowof gssis limitedby the
smallnessof thereservoirforthegasto flowin or outof. As a
result,it is possibleto havea Piranigageforwhichonlythe con-
ductionof heatthroughthegasandthroughthewireterminalsmust
be considered.Thisis thecasefora smallPiranigagemadeof sur-
gicalgrain-of-wheatlamps,whereallsourcesof heatlossbut these
lasttwoarelessthana fractionof a percentof thetotalheatloss.

Heatgeneratedelectricallyin filament.-The temperatureT1 at
anypointon theelectrically”heatedwirefilamentwillvaryalongthe
lengthof thefilament,beinghighestat themidpoint.At theendsof
thefilament,at the supports,T1 willbe equalto thetemperatureT2
of thebulbinnerwall. At anypointalongthelengthof thefilament
(seefig.9 andref.3),the joulesmheatper differentiallengthof
filamentis givenby:

(1)

where

1292
h=—

ml 2

and

The valueof P2 dependson

I292%

mlz

thereferencetemperatureT2 but
thevalueof p2~ is verynearlyconstant,so that,foranyonegage,
at onevalueof current,theparameterq is virtuallyconstant.

Heatconductionthroughfilament.-The heatpowerconductedalong
thelengthof thefilamentat anypointis givenby (seefig.9 and
ref.3):
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where

c = nr12J

so that

dHc_ cd%.—— -—
dx &X2

.

.

(2)

Heatconductionthroughgasfromfilament.-Themechanismof heat
conductionfroma smallwireconcentrically]lacedin a cylinderhas
beendescribedin reference4. Therearetworegionsof heatflowthat
mustbe considered(seefig.10):

Region1: The regioninwhichgaseousconductionexistswhoseouter
boundaryis thecylinderwallandwhoseinnerboundaryis 1 meanfree
pathfromthewiresurface

.
Region2: The regioninwhichfreemoleculartravelexistswhich

isbetweenregion1 andthewiresurface
*

For a lowpowerdissipationfromthe@.re,thetemperaturedrop
betweena point1 meanfreepathdistantfromthewiresurfaceandthe
cylinderinnersurfaceiB verysmall,so thatveryclosely:

Thenfora differentiallengthof thewire,throughregion1 (ref.4):

dHg– 2fiK2(Tk- T2)
——
&x

loge
()

‘2
rl+h

(3)
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. whereasthroughregion2 (ref.4)

.
0.5

‘-( B+ CI.5)~ rlsF2(T1-TL)10-7—-
& ()

Combiningtheselasttworelationsyields

% –
dx

6+1- TJ

where

0.5

()

rm2 107
z-x

(f3+0.5)r~aP2

15

(4)

(5)

(6)

Fromkinetictheory(ref.1, pp. 25 and113),themolecularmeanfree
pathOf an unconfinedgas hF is givenby

)bF=u (7)
ma2P2@

Forvaluesof themeanfreepath kF lessthan r2,k = kF;whileas
hF approachesr2,thelastrelationfailsand h approachesa maximum
valueequalto r2. Thusfor kF < r2 (a conditionwhichincludesthe
rangeof mostpiranigages),equation(6)becomes

1 ’049‘“=(’’..2.E)+(%J07’07—=g (8)
2fiz 2ldc~ (~ + 0.5)r~aP2
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If kF ~rz, equation(6)becomes

1—=
t3 (p+0.5)rlaP2

NACATN 29k6

(9)

Kinetictheorydoesnotprovidean accuraterelationforthermal
conductivity,but experimentallydeterminedvaluescanbe represented
closelyby Sutherland’s‘equation,or moresimply,forairnear300°K
(ref.5) by therelation:

0.8

()
T2

K = K300@ (lo)

AccommodationCoefficient

In freemolecularheatconductionbetweena gasanda surface,
moleculesstrikethesurface,aremomentarilyadsorbed,andarethen
emittedfromthesurface.

4
Themoleculesgenerallydo not comeinto

thermalequilibriumwiththesurfacebeforebeingemitted,so thatthe
heatpowerconductionis onlya fractionof thatwhichwouldoccurif .
completethermalequilibriumwerereachedby eachmoleculebeforebeing
enitted.ThisfractionisLanguir’saccommodationcoefficienta.

Experimentallydeterminedvaluesof accommodationcoefficienta
havebeenfound(refs.1, 4, and6) throughoutthepossiblerange
betweenO to 1. Thevalueof a hasbeenshownto dependon thewire
material,the compositionof the surroundinggas,absolutetemperature,

...

excessof thewiretemperatureoverthegqstemperature,andon the
natureof the surfaceof thewire. Surfaceswitha filmof adsorbed
gaseshavegenerallybeenfoundto havevaluesof a considerably
largerthanthatfora freesurface.If thesurfaceconditionof the
wirecanbe maintained,thenthevalueof a fora particularwireand
gaswillbe a functionof theexcessof thewiretemperatureoverthe
gastemperature,andto a smallextent,of theabsolutetemperature.
In a Piranigage,theselasttwoparametersarealreadyamongthose
thatdeterminetheinstrumentdeflectionandso areaccountedforin
thecalibration.The surfaceconditionof.thewire,however,is a
potentialsourceof erraticchangesin accommodationcoefficient,with
resultingcalibrationshiftsor driftsin a Piranigage. A stable
surfaceconditionof thewirecanbe obtainedby avoidingcontaminating

‘~~~~o~dn~~~ted temperatures
(seesectionof partI entitled
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Gage-LampRelations

The combinedeffectof heatgeneratedelectricallyin the lamp
filamentandheatlossesthroughthefilamentandthroughthegasmay
nowbe found. In anydifferentiallengthof the electricallyheated
filament,the joulesnheatpowerequalstheheatpowerlossdueto
conductionalongthefilamentandto conductionfromthe filsmentsur-
faceto thegas;thatis, (seefig.9)

(iIL%+%——
dxdxdx

(11)

Combiningequation(I_l)witheqyations(1),(2),and (5)gives:

( d%l
h+qTl- T2) =g(Tl - T2) - C ~

or

dtil+q-.gT q=>T2-&
dX2 c 1 c c

Replacingthe constantstithsymbolsgives:

d%l

dx2
+ATl=B

The solutionof thelastequationis in theform:

The limitsare:

ml—= o
dx () z

x=–
2

T1 =T2 (x = o)



Solvingfor ‘TIyields

h

[

~x6 , ,(Z-x)@
T1 -T2=—

Q-g
1l+ eLfi ‘1’

(12) “

Equation(12)is an expressionof thetemperatureriseat anypointon
thefilament.Combiningequations(12)and (1)gives

m hq
—=h+—ax Q-g

or,overthelengthof thefilament,

t
Therefore,

H

If

+

-!

.

Zz(g- ~)z=
4C
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and

L .—

e= F .’-i=
z z

then

or

19

so thattheresistanceriseof thegage-lanpfilamentis foundto be:

. R- Zzq~R2=R2—
4C

(13)

GageRelations

The derivationhas so farbeenfora singlelsmp. In a gage,two
lampsareusedtogether,oneopenandtheothersealed.The two lamp
filsmentsarematched,so thattheunheatedresistanceR2 is thesame
forbothlamps. Thenwiththe twolampsoperatedat the samefilament
current:

‘2~(eo-&R6=R2F es) (14)

. The functionG canbe simplifiedby a closeapproximationobtained
as follows.Valuesof z fora mall Piranigage,suchas onemade
of surgicalgrain-of-wheatlamps,willordinarilyliebetween16

.
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and -2.4. For thisrangeof valuesof z, a graphicalsolution(ref.2)
of @ yields,witherrorslessthan3 percent,

0.84$
6= 0.84=

()
X2 2

z-t 2 g+ =-q~2

Applyingthisapproximationto equation(14)yields

where

CA =
12P

o.84R2q=0084R2+
ml

and

~2~ fi3r12 12P2~
CB=—- ‘—J-

~2 ~–12 *, 2
-!-

A specialcaseexistswhere CB = 0, forthen:

R. - Rs = CA(& - $)

(15)

(16)

Valuesof go,foran openlamp,and gs,fora matchingsealedlamp,
areobtainedfromequation(8). The referencepressurein the sealed
lampmaybe eitherhighvacuumor atmospheric.m atmospheric-pressure _ .–
referenceis preferable,as it permitsan instruinentzeroadjustmentat
atmosphericpressure.The recorderdeflectionis madeproportional

Forthe caseof equation(I-6),thatis, CB = O, at any
.

to R. - Rs.
onegage-casetemperatureT2 thevalueof R. - Rs is linearly .

.
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proportionalto thereciprocalof themeasuredpressureP . Where
7CB # 0, thegagecharacteristicssxegivenby equation(15 andare

notlinearat thelowerpressures.The extentof thenonlinearity
dependson themagnitudeof CB. The valuesof CA and CB depend
on onlythegage-filamentpropertiesandthegagecurrent,as canbe
seenby therelationsfollowingeqmtion (15). Thus,thevaluesof
CA and CB canbe adjustedby properselectionof the gagefilaments
andfilamentcurrent.

Thevaluesof J and ~ in thederivationsareassuaedto be
constant,whereasactuallytheyvaryslightlywithfilamenttempera-
ture T1. The slighttemperaturedependenceof P20$ is dueto ~
alone,since P2 is independentof Tl, and p2~ is independentof
T2. Thevaluesof J and p2~ havethegreatesteffectin thederived
equationsat thehigherfilamenttemperatures,so thatthebestvalues
to usefor J and ~ arethosecorrespondingto themaximumfilament
temperatureof thegageunderconsideration.

Calculationsof TheoreticalCharacteristicsof

. a SmallPiraniGage

Calculationshavebeencarriedoutby meansof equations(8)-and. (15) fora smallPiranigagemadeof surgicalgrain-of-wheatlampsused
to measurethepressureof dryairat 300°K. An accommodationcoeffi-
cient a = 1 was asGumed,andthe followingparametervalueswereused:

Valuesfordryair (refs.1 and 3):
~near300°K. . . . . . . . . . . . . . . . . . . . . . . . . 2.5
k,ergs~l. . . . . . . . . . . . . . . . . , . . . 1.38x 10-16
m,grarns . . . . . . . . . . . . . . . . . . . . . . 48.11X 10-24
o,cm . . . . . . . . . . , . . . . . . . . . . . . 3.72x 10-8
K2at300° K,wattcm-llC1 . . . . . . . . . . . . . 0.263x 10-3

Measuredvaluesforaveragesurgicalgrain-of-wheatlamp:
rl,cm . . . . . . . . . . . . . . . . . . . . . . . . . 0.gp~
r2,cm . . . . . . . . . . . . . . . . . . . . . . . . . .
Z,cm . . . . . . . . . . . . . . . . . . . . . . . , . . 6.648
p2at3000K, ohmcm . . . . . . . . . . . . . . . . . 7.18x 10-6
a2 forT2 =300° K~dTl=6500K,0@- . . . . . . . . . 0.0039
J forT1 = 650°K,wattcm-lK1 . . . . . . . .“.. . . . . 1.58
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Thetungstenfilamentsof thesurgical.grain-of-wheatlampsareof
smalldiameterso thatvaluesof P, a,and J aresubstsmtiallydif-
ferentfromvaluesgivenin theliteratureforlarger-diametertungsten
wire. Valuesof p sad a havebeendeterminedfrommeasurementsof
thephysicaldimensionsandresistsmce-temperaturecharacteristicsof
thefilamentsof thesurgicalgrain-of-wheatlamps.

.
a

Thevalueof thefilamentthermalconductivityJ hasbeencalcu-
latedby usingexperimentallydeterminedvaluesof theparametersin
equations(8)and (15),thisbeingtheonlymethodavailable.Datafor
calculatingJ weretakenat 0.1ramH@ absanda filamentcurrentof
78.4milliamperes,conditionswheretheheat_lossby gaseousconduction
is a smallfractionof theheatlossthroughtheleads. Underthese
conditions,itwas feltthaterrorsdueto accommodationcoefficient
andfilamentlocationwouldbe minimized.It is realizedthatthis
procedurefordeterminingJ is approximate.andresultsin thetheo-
reticalcharacteristicscoincidingwithcalibrationdataat 0.1m Hg
absand78.4milliamperes.

Therearethreepointsaboutthe calculationsthatarenotexact:
themethd of obtainingJ, theapproxhationa = 1, andthefactthat
thefilamentsof the surgicalgrain-of-wheatlampsareU-shapedrather
thanstraight.However,thecorrectnessof theformof thederivation
is indicatedbythefactthatthe curvescalculatedfromequations(8)
and (15)showgoodagreementthroughoutthe.~ressurerangeof thegage
withthecurvedeterminedexperimentallyforthesmallPiranigagesmade
of surgicallamps,as shownin figure

CONCLUDING

11. .

REMARKS

ThesmallPiranigage,madeof surgicallamps,hasbeendescribed,
togetherwithassociatedcircuitry,calibration,application,andmethods
usedto overcomethebasiclimitationsof thistypeof instrument.The
operatingcharacteristicshavebeenmeasuredtobe: lagslessthan
1 second,rangefrom0.1to 10 m Hg abs,anderrorslessthan2 percent
of readingexceptat thehigherpressures(above4 MM Hg a~s) wherepre-
cisionis limitedby film-readingprobableerrorsof up to 2.5percent
at 10 mnHg abs.

Equationshavebeenderivedwhichprovidedesi~ informationfor
theselectionof Piranigagedimensionsand.operatingcurrentandindi-
catethenecessarydegreeof controlor correctionfortheeffectsof
gascompositionanddeviationsin gagetemperatureand current.Theo-
reticalcharacteristicsof thesmallsurgical-lampPiranigagehavebeen

—
.

calculatedandhaveagreedwithmeasuredcharacteristics.
——
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.
It is feltthatthedescriptionof performancein partI andthe

theoryof partII serveas a guidein the constructionanduse of
. similargagesforthemeasurementof lowpressureswithlowlagof

response.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,February25, 1953.

*
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APPENDIX

PREPARATIONOF GAGES

A drawingof thesurgicalgrain-of-wheatlampsusedin thecon-
structionof thesmallPiranigagesisshownin figure1. These
lsmpsconsistof a single-looptungstenfilament(0.00071inchin
diameter),twoplatinumconnectorswhichpassthroughtheglassbulb
seal,andtwocopperleads(0.0145inchin diameter)2 incheslong.
Theselampshavebeenmadeby theGeneralElectricCo. Eachlampis
first.mnealedby operationat 1.5voltsfor2 minutes;thisrelieves
thestressesin thewireandstabilizestheinternalstructureand
surfaceof thewire. The lampresistancewiththefilamentat room
temperatureis nextaccuratelydeterminedforeachlampby measuring
itsresistanceat a currentwhichproducesa negligibletemperature
risein thetungstenfilament(forexample,1 milliampere).These
resistsmcesareallmeasuredat a roomtemperatureof 72°F or else
areconvertedto thistemperatureto obtain,foreachlamp,a value
of R72,thelampresistancewiththefihent at 72°F. Valuesof
R72 havebeenfoundto r-e from1.58to 3.34ohmsbecauseof dif-
ferencesin the constwctionof the individuallamps. Lampstith
valuesof R72 from1.70to 2.30ohmshavebeenfoundto produce
satisfactorygages,andsuchlampsarese~ctedforfurtherprocessing.
The valueof R72 is remeasuredat eachstageduringtheprocessing,
andanylampehowingerraticchangesin thisvalueis rejected.

Eachlampis openedby filingdownthetipof thebulbopposite
fromtheleads;careis takenso thata minimumof powderedglassis
drawnintothelampwhenthesealisbroken.A matchedpairof lamps
is selectedforeachgage,wheretheresistsmcemismatchbetween‘the
twolampsis notgreaterthan0.01ohmat 1 milliampereor at 8Q milli-
amperes.Theholein onelsmFfromeachpairis nextresealedat
atmosphericpres~ureeitherby fusingtheglassbulbtipwitha fine
neutraloxyacetyleneflame,or elsewithArmst;ongProductsCo.
adhesiveA-2preparedwiththeiractivator“A. The sealedlampbecomes
thetemperature-compensatingelementin thegage.

Thepairedlsmpsaremountedin a metalcaseas closetogetheras
possiblein orderto reducetheeffectof anytemperaturegradients.
Manygagecaseconfigurationsarepossible(seefigs.1 and2). The
lampsaresealedintotheappropriatemountingholes(0.086inchin
diameter)in themetalgagecase. Sealsaremadewithhmstrong’sA-2
adhesive.Aftertheadhesiveis air-driedforseveraldays,a good
vacuumsealis produced.
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Whenelectricalleadshavebeenadded,thegageis connectedto
theelectricalcircuit.(Seefig.3.) Eachgageis evacuatedto about
0.1mm Hg absandmaintainedat thislowpressureforseveraldaysin
orderto liberateadsorbedgasesandvapors.Finally,thegageis
operatedat thislowpressureat thecorrectgagecurrent(about
78.4milliamperes)in orderto stabilizeanddegassthegagefilament.
Thenthegageis readyforcalibrationanduse.
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